Papaver somniferum is a chief source of diverse physiologically active alkaloids, required by the pharmaceutical industry. The present study describes the diversity of the alkaloid spectrum of 122 opium poppy accessions of Indian origin by means of a cluster analysis based on Mahalanobis generalised distances. The accessions could be grouped into 11 clusters according to their relationship between the contents of morphine, codeine, thebaine, narcotine and papaverine in raw opium. The diversity of the alkaloid spectrum of 11 clusters reflected the very low correlations between the contents of the individual alkaloids across the 122 entries, found earlier. The clusters represented almost all possible combinations of the high content of an alkaloid with high or low content of another alkaloid. Although on average the morphine content exceeds the sum of the other four alkaloids, in one cluster the narcotine content (15.3%) was even higher than that of morphine (14.6%) and the content of the remaining alkaloids was also extremely high. The variation range among the clusters was for papaverine between 0.14% to 5.3%, while for morphine between 12.4% to 18.0%. The results indicate a large space for the breeding of opium poppy for individual alkaloids or particular combinations of alkaloids, as required by pharmaceutical industries.
Opium poppy (Papaver somniferum L.) is the main source of raw opium, which contains valuable alkaloids utilised by pharmaceutical industries, i.e. mainly morphine, codeine, thebaine, narcotine and papaverine. India is one of the largest producers of opium which meets national and international demands. Global trends show the growing utilisation of opium alkaloids and derivatives. The world demand for morphine, the main alkaloid of opium, and for codeine was 420 t and 350 t, respectively, in 2008. The domestic and international demand for thebaine-based drugs increased from 140 t in 2008 to 160 t in 2009. Thebaine is used to manufacture semi-synthetic morphine analogues i.e. oxycodone, oxymorphine, buprenorphine etc. The increasing demand for opium alkaloids can be met by the development of high opium yielding varieties able to produce the specific alkaloids. Successful breeding, however, requires sufficient genetic diversity to start from. Several studies have been done to determine the genetic diversity in opium poppy based on morphological traits (Lal et al. 1996; Bhandari et al. 1997; Saini & Kaicker 1997; Singh et al. 1998 Singh et al. , 2003 Singh et al. , 2004 Tiwari et al. 2001 ), but few attempts have been made to classify the diverse germplasm lines on the basis of alkaloids. Shukla et al. (2006) investigated the alkaloid profile of 98 accessions of opium poppy and found large variability among the accessions in all five alkaloids. Yadav et al. (2006) investigated the genetic parameters and correlations between the five alkaloids in a collection of 122 opium poppy accessions. They found large genetic variation in the content of all five alkaloids (Table 1) , but low genetic correlations between the five alkaloids (the strongest was r = 0.37), indicating almost independent inheritance of the alkaloids and thus a high potential for genetic improvement by breeding. The present study tries to group these 122 accessions into clusters, using the analytical data obtained by Yadav et al. (2006) , in order to facilitate the selection of suitable parents for breeding poppy varieties with a desired alkaloid spectrum.
MATERIAL AND METHODS
The 122 opium poppy accessions included different breeding lines and landraces which have been maintained at the National Botanical Research Institute (NBRI), Lucknow, India for several years as pure lines. They are grouped by origin in Table 2 . The opium poppy lines were grown in a two-year field trial, performed by Yadav et al. (2006) in the crop years 2002-03 and 2003-04 at the NBRI experimental site at Lucknow. The trial design was a randomised complete block with three replications. A detailed description of the experimental design, description of the environmental conditions of the site, cultural practices and the details of the analytical procedures for the determination of alkaloids (HPLC) were given by Yadav et al. (2006) .
To show the similarities between the alkaloid spectra of the entries the analytical data on the five alkaloids, obtained by Yadav et al. (2006) for 122 poppy accessions, were used to perform a hierarchical cluster analysis based on the average linkage method. Mahalanobis generalised distances (D 2 ) according to Rao (1952) were calculated within and between the clusters, as a measure of similarity between the alkaloid spectra of the accessions. A dendrogram, based on the linkage index between the entries, was produced to visualise the clusters and the similarities of the alkaloid spectra. All calculations were performed by means of the WINDOWSTAT software package of Indostat services, Hyderabad.
RESULTS AND DISCUSSION
The results of the cluster analysis are summarised in Figure 1 .The clustering produced 11 clusters depending upon the similarity of the alkaloid spectrum of 122 accessions. The accessions belonging to the individual clusters are listed in Table 3 , together with the geographical origin of each accession given in parentheses. The cluster size varied from 4 to 25. All clusters contained accessions of different origin, except the small cluster VII, with all accessions originating from New Delhi. Also, accessions of common geographical origin were distributed over several clusters. This indicates the limited role of geographical distribution in the genetic diversity of opium poppy of Indian origin, as was demonstrated also by Singh (1991) , Singh et al. (2003 Singh et al. ( , 2004 . Because of the different cluster size, the large clusters included most of the accessions.
The inter-cluster and the mean intra-cluster Mahalanobis distances are summarised in Table 4 . The mean content of the five alkaloids of each cluster is given in Table 5 . The mean intra-cluster distance (the mean of all distances within a cluster) is a measure of variability within a cluster. The values of intercluster distances were, as should be expected, greater than the mean distances within clusters. Among all clusters, the smallest cluster VII, containing four accessions from New Delhi, was unique in several respects. It had the highest intra-cluster variability but it was also the most distant from the Table 4 reveals that this cluster contains accessions with extraordinarily high content of codeine, thebaine, narcotine and papaverine, but only moderate content of morphine. This is in strong contrast with the remaining accessions, in which the average morphine content is higher than the sum of the four other alkaloids. Since the heritabilities of the content of each alkaloid of 122 accessions are extremely high, as found by Yadav et al. (2006) , the Mahalanobis distance is a good measure of genetic distance. The distance between clusters can therefore be effectively used to select genetically distant parents for hybridization programmes, aimed at obtaining high-yielding opium poppy lines with high content of particular alkaloids or combinations of alkaloids. It is common knowledge that more heterosis can be expected in hybrids of genetically more distant parents than in those of genetically close parents, as shown for example in hyacinth beans (Singh 1991) . The genetic divergence Figure 1 . Dendrogram of 122 opium poppy accessions derived from the average linkage cluster analysis using Mahalanobis distances seems to be an important tool for the selection of prospective parents for further utilization in any crop improvement programme (Singh et al. 2003 (Singh et al. , 2004 . Mean performance of different clusters for major alkaloids revealed that the accessions with the lowest morphine and papaverine content were included in cluster I, however, this cluster had accessions with the second highest codeine content. On the other hand, cluster VI, which consisted of six accessions, five from Rajasthan and one from an interspecific cross, had the highest morphine and the lowest codeine, thebaine and narcotine content, as well as the second lowest papaverine content, accompanied by the lowest intra-cluster distance. Contrary to this, the accessions with the highest codeine, thebaine, narcotine and papaverine content and the third lowest morphine content were grouped in cluster VII, which had a maximum intra-cluster distance. The means of clusters VI and VII indicated that an increase in morphine was associated with a decrease in other alkaloids and thus they showed negative associations. The probable reason for this increase or decrease in the alkaloids can be understood by studying the biosynthetic pathway of opium alkaloids . The biosynthetic pathway of major opium alkaloids suggests that morphine, codeine, thebaine and narcotine are synthesized from reticuline whereas papaverine stems from nor-reticuline (Cordell 1981; Kutchan 1998) . Thebaine is formed from reticuline, which is converted to morphine following two pathways. The first pathway involves the route thebaine  codeinone  codeine  morphine and the other thebaine  oripavine  morphinone  morphine (Psenak 1998) . The predominance of one pathway over the other may depend upon the relative activities of 3-0 methyl oxidase/6-0 methyl oxidase. Any genetic block which hinders the conversion of nor-reticuline to papaverine would not block alkaloid synthesis from reticuline so that the pathway of morphine synthesis can be normal. In the present investigation, the accessions with low morphine and high papaverine were located in one cluster (VII) and the accessions with low papaverine and high morphine in the other cluster (VI). So, the present study helped to identify some unique accessions of these clusters (VII, VI) having one or more genetic block(s) in the normal biosynthetic pathways. Further study of these accessions is undoubtedly needed to explain biosynthetic pathways for concerned regulatory signals/genetic block(s). Cluster VII exhibited a maximum inter-cluster distance from cluster VI (2676.09). The accessions of this cluster can be used as a potential source for introgression of new genes into distantly related accessions for enhancing the specific alkaloids through a hybridization programme followed by selection.
It can be concluded from the present study that clusters VI, VII, II, III and IX showed a relatively greater potential for an increase in the content of certain alkaloids. A planned hybridization programme based on the intercrossing of promising accessions between different clusters may release high heterosis for specific alkaloids especially for thebaine and codeine, which can be fixed by selection in subsequent generations. Based on the present study, desirable accessions for specific alkaloids have been isolated and are used in different hybridization programmes aimed at the development of varieties rich in specific alkaloids for commercial cultivation in various specified locations of the states of India.
